The electronic properties of Fe-doped Al 0.31 Ga 0.69 N/GaN heterostructures have been studied by Shubnikov-de Haas measurement. Two subbands of the two-dimensional electron gas in the hetero-interface were populated. After the low temperature illumination, the electron density increases from 11.99 x 10 12 cm -2 to 13.40 x 10 12 cm -2 for the first subband and from 0.66 x 10 12 cm -2 to 0.94 x 10 12 cm -2 for the second subband. The persistent photoconductivity effect (~13% increase) is mostly attributed to the Fe-related deep-donor level in GaN layer. The second subband starts to populate when the first subband is filled at a density n 1 = 9.40 x 10 12 cm -2 . We calculate the energy separation between the first and second subbands to be 105 meV.
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-2 to 0.94 x 10 12 cm -2 for the second subband. The persistent photoconductivity effect (~13% increase) is mostly attributed to the Fe-related deep-donor level in GaN layer. The second subband starts to populate when the first subband is filled at a density n 1 = 9.40 x 10 12 cm -2 . We calculate the energy separation between the first and second subbands to be 105 meV. Visiting from National Tsing Hau University, Hsinchu, Taiwan, Republic of China. 2 III-nitride heterostructures have been extensively studied due to the applications in high-electron-mobility transistors 1 and high-bright blue laser diodes. 2 The donor-related deep level is one of the important issues in the performance for both electronic and optical device applications. In the earlier years, the lattice mismatch between GaN and substrate (e.g., sapphire) gave rise to a high density of threading dislocations as grown by metal-organic chemical vapor deposition (MOCVD). 3, 4 By an appropriate growth technique (such as using a template before the growth of GaN epilayer), the density of threading dislocations can be apparently reduced, 5 and hence a high-quality GaN-based heterostructure is achievable.
However, in addition to the threading dislocations, the impurities and native defects (e.g., N vacancy, 6 O-residual donor, 7 and Si-residual donor 8 ) are generated during the fabrication of Si-doped Al x Ga 1-x N/GaN heterostructures and result in a high density of n-type carriers in the sample. The high carrier concentration indicates the presence of high density of defects. Our previous study showed that the increment of carrier concentration in Si-doped Al x Ga 1-x N/GaN heterostructures measured by persistent photoconductivity (PPC) effect was less than 2.5 %.
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The PPC effect is a common property of Al x Ga 1-x As in which the carrier concentration is increased by illuminating the sample at low temperature (e.g., < 77K) and the increment of carrier concentration is persistent even after the light is removed. The carrier concentration increases due to the photo-excited electrons transferred from the deep-level donors (e.g., DX-centers in Al x Ga 1-x As) 10 to the conduction band when the light is turned on. The local potential barrier around the deep-level donors prevents the recombination of the electrons and the ionized deep-level donors after the light is off at low temperature and hence the increment of carrier concentration persists. The PPC effect in Al x Ga 1-x As is induced by the metastable DX-centers. 10 However, when a heterostructure (or quantum well) is made of semiconductor compounds, the PPC effect is no longer limited to the presence of DX-centers. The other deep-level donors in the heterostructure are able to produce a PPC effect as long as the deep donor level is below Fermi energy. 11 Recently, a high-electron-mobility transistor was made of , two second harmonics which have the frequencies double of the fundamental ones (i.e., the peaks at the frequencies about 2f 1 and 2f 2 ) are also observed in Fig.   2 . The second harmonics are always presented in the FFT spectrum, particularly, when the SdH oscillation is accompanied with noise. Moreover, there are several peaks on the shoulders of f 1 -SdH peak at the frequencies about (f 1 ± f 2 ), which might be due to the magneto-intersubband resonant scattering.
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For a high mobility 2DEG with two subbands populated, the oscillatory magnetoresistance will contain four components: two fundamental SdH oscillations (with SdH frequencies, f 1 and f 2 ) and two magneto-intersubband resonant scattering (MIS) terms (with MIS frequencies, f 1 ± f 2 ),. Since the amplitudes of the SdH oscillations are the first-order terms of
(1/g 0 ) and those of MIS oscillations are the second-order terms of (1/g 0 2 ), the amplitudes of the MIS components at (f 1 ± f 2 ) are always smaller than those of SdH components at low temperatures, where g 0 is the density of state for a single subband in zero field. 15 In order to confirm the two SdH oscillations, we applied a nonlinear curve-fitting technique to the original data in Fig. 1 to decouple the SdH components from the others. After the removal of the monotonous background, the oscillatory resistivity ρ osc (B) was fitted to the superposition of two independent SdH cosine functions, Figure 3 are the results for the data of SdH measurement after 10561-second illumination (the bottom one in Fig. 1 ). The original data (i) is plotted in Fig. 3a and its FFT spectrum is shown in Fig. 3b . The result of nonlinear curve fit (ii) is plotted in Fig. 3a and the FFT spectrum of the nonlinear curve-fitting (nlcf) data is shown in Fig. 3b . The FFT spectrum of the nlcf data shows two perfect SdH oscillations with frequencies of f 1 = 276.4 T and f 2 = 19.7
T, and phase constants φ 1 = 137 o and φ 2 = 134 o . The SdH components are decoupled by 6 subtracting the nlcf data from the original data. The residual data is shown in Fig. 3a ( iii), and again we calculate the FFT spectrum of the residual data and show in Fig. 3b . It is shown that the second harmonic terms (at frequencies about 2f 1 and 2f 2 ) and the components at (f 1 ± f 2 ) are left behind after decoupling of SdH terms. In addition, there exists a peak at frequency of 238.2 T, and the three-peak patterns in FFT spectrum have been observed in Tsubaki's paper as well, in which they attributed the third peak to the spin splitting of the first subband. 19 We do not eliminate the possibilities that it might be produced due to the presence of spin splitting.
The carrier concentrations of the two subbands were calculated from the SdH frequencies, n i illumination. In our previous study, the increment produced in persistent photoconductivity was less than 2.5% for Si-doped Al x Ga 1-x N/GaN heterostructures grown by MOCVD. It is about the beginning of the growth of three-peak pattern in the FFT spectra (Fig. 2) . As we mentioned before, there are two possibilities to create the three-peak pattern in SdH measurement:
the MIS term and the spin-splitting first subband. Further evidence is needed to clarify the third peak. The carrier concentrations before saturation (n 1 and n 2 ) are plotted against the total carrier concentration (n T = n 1 + n 2 ) in Fig. 4b Table I of ref. [20] were used. We obtained that the energy separation between the first and second subbands is 105.6 meV and the polarization electric field at the interface is 1.73 MV/cm.
It is the high polarization electric field to confine the carriers of first and second subbands at the hetero-interface and hence induces a high carrier concentration and large energy separation. For the third subband, the electron wave function is more extensive to the flat conduction band. It is noted that the Fe-doped GaN layer is located at 1.6 µm far away from the hetero-interface in our sample, but a Si-doped Al x Ga 1-x N barrier is 3 nm (the spacer) apart from the interface in ref. [20] .
Recently, the deep-level electron traps in Fe-doped GaN have been studied. [22] [23] [24] Polyakov et al.
found that the thermal activation energy of the deep-level donor is about 0.5 eV, and the The carrier concentrations of the first and second subbands versus total carrier concentration determined from the SdH frequencies. 
